Dry preservation has been explored as an energy-efficient alternative to cryopreservation, but the high sensitivity of mammalian cells to desiccation stress has been one of the major hurdles in storing cells in the desiccated state. An important strategy to reduce desiccation sensitivity involves use of the disaccharide trehalose. Trehalose is known to improve desiccation tolerance in mammalian cells when present on both sides of the cell membrane. Because trehalose is membrane impermeant the development of desiccation strategies involving this promising sugar is hindered. We explored the potential of using a high-capacity trehalose transporter (TRET1) from the African chironomid P. vanderplanki (Kikawada et al. 2007 ) to introduce trehalose into the cytoplasm of mammalian cells and thereby increase desiccation tolerance. When Chinese Hamster Ovary cells (CHO) were stably transfected with TRET1 (CHO-TRET1 cells) and incubated with 0.4 M trehalose for 4 h at 37 0 C, a seven-fold increase in trehalose uptake was observed compared to the wild-type CHO cells. Following trehalose loading, desiccation tolerance was investigated by evaporative drying of cells at 14 % relative humidity. After desiccation to 2.60 g of water per gram dry weight, a 170 % increase in viability and a 400 % increase in growth (after 7 days) was observed for CHO-TRET1 relative to control CHO cells. Our results demonstrate the beneficial effect of intracellular trehalose for imparting tolerance to partial desiccation.
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I ntroduction:
Current techniques for long-term preservation of mammalian cells depend on cryogenic temperatures and have many disadvantages including complicated procedures, high cost of maintenance and limited transportation ability (Acker et al. 2004, Brockbank and Taylor, 2007) .
Preservation of biological materials in the dry state at ambient temperature is an alternative approach to address the growing demand for cell replacement technologies and regenerative medicine. However, mammalian cells are highly sensitive to desiccation stresses and the viability of cells decrease rapidly upon drying. Recent research has focused on learning from the adaptive strategies displayed by species that are naturally desiccation tolerant in an attempt to biomimic these in mammalian cells (Ma et In this study, the TRET1 was stably expressed in CHO cells (CHO-TRET1) and then trehalose introduced into the cells by simple incubation in a trehalose containing medium.
Incubation conditions were optimized for exposure time and trehalose concentration, and intracellular trehalose was quantified using high performance liquid chromatography (HPLC).
After partial desiccation, significant increases in viability and growth were observed for CHO-TRET1 cells relative to control CHO cells.
M aterials and M ethods

Cell Culture
Chinese hamster ovary cells (CHO) were obtained from the American Type Culture Collection (Manassas, VA) and cultured (Gibco Life Trechnologies, Gaithersburg, MD) supplemented with 10% fetal bovine serum (Atlanta Biologicals, Norcross, GA) and 2% penicillin-streptomycin (10 U/mL penicillin G and 10 ug/mL streptomycin sulfate, Gibco). Cultures were maintained at 37°C, and equilibrated with 10% CO 2 -90% air in 25-cm 2 cell culture T-flasks (Corning Incorporated, NY).
Transfection of Trehalose Transporters
The trehalose transporter (TRET1) expression vector (pPvTRET1-IRES2-AcGFP1) for mammalian cell expression was kindly provided by Dr. Takahiro Kikawada 
Optimization of Trehalose Loading
When cells reached about 80% confluence, the cell culture medium in the tissue culture flask was completely removed using a Pasteur pipette with vacuum aspirator and immediately replaced with culture media that was supplemented with 100, 250 and 400 mM trehalose. Cells were then incubated for 1, 2 and 4 h under the incubation conditions describe above. Cells were then detached from the tissue culture flasks by trypsinization (0.25% trypsin, 1 mM EDTA solution) and collected by centrifugation at 100 g for 10 min. The cell samples were washed three times in phosphate buffered saline (PBS), and then lysed by freeze-thawing in 18 mOhm high-purity water. The solution containing lysed cells was centrifuged, and the supernatant was collected and filtered for high performance liquid chromatography analysis. Analyses were performed using a Dionex HPLC system with a GP-50 gradient pump, an EC50 electrochemical detector and a PA10 column (Dionex, Sunnyvale, CA). An AS50 auto-sampler and thermal compartment was used for sample handling and injection during analysis. Sample peaks were identified by comparison of retention times to standards, and calibration curves were linear over the range assayed (r 2 = 0.92). Kinetic analysis of trehalose uptake into the intracellular space was performed at multiple external trehalose concentrations to determine the affinity of TRET1. Data were analyzed using Sigma Plot 11.1 Enzyme Kinetics Module (Systat Software Inc., IL).
Drying Protocol
Samples were prepared for dry processing by plating CHO and CHO-TRET1 cells onto 22-mm glass l droplets, at a density of 5 × The moisture content of the samples were determined gravimetrically, and expressed as a ratio of remaining water mass in the sample to the anhydrous dry weight (g H 2 O/g dry weight). The anhydrous dry weight was measured after baking 5 representative samples at 110 0 C for at least 24 h.
Cell Rehydration and Membrane I ntegrity Assessment
Following desiccation, samples were rehydrated using 100 µl of cell culture medium and allowed to recover for 20 minutes at 37 ºC and 5% CO 2 . After the recovery period the 
Long-term Growth Studies
Following rehydration, the cells were transferred to a 60 mm cell culture dish (Corning Incorporated, Corning, NY) and cultured for 7 days. Cell counts were performed in parallel samples on 1 st , 3 rd and 7 th day of incubation following rehydration (n = 5). Cells were collected by trypsinization and were counted in a hemocytometer (Fisher Scientific, Pittsburgh PA), using 0.4 % Trypan Blue (Sigma Aldrich, St. Louis, MO) exclusion as an indicator of membrane integrity and viability.
Colony Forming Unit Assays
Proliferation of desiccated cells was studied by measuring clonogenic output by counting colony-forming units (CFU). Desiccated cell samples were rehydrated using fully complemented medium at 37 0 C. After a 24 h recovery period on glass slides, the cells were trypsinized, counted, and approximately 1000 cells/mL were transferred to cell 60 mm culture plates for colony studies. All samples were cultured at 37°C in humidified air containing 10% CO 2 for 7 days, after which colonies were fixed using 3.7% paraformaldehyde (PFA) solution and stained using 0.05% crystal violet in distilled water for 30 min. The cell culture dishes were then photographed and colonies enumerated using an inverted Zeiss microscope (1 colony contains a minimum of 50 cells).
Results
CHO cells stably expressing a GFP-labeled trehalose transporter from the African chironomid P. vanderplanki are morphological indistinguishable from wild type CHO cells (Fig.   1A ). The micrographs were taken at the same stage of confluency and the GFP tagged transporters are visible in the fluorescence micrograph (wavelength 490 nm) while no such transporters are seen in wild type CHO cells (Fig. 1A) . HPLC analysis was performed on cell extracts after incubation for different time periods with various extracellular trehalose concentrations. Incubation of the CHO-TRET1 cells in 400 mM trehalose solution for 4 h resulted in an uptake of 23.45 ± 2.67 mM trehalose into the cells (Fig. 2A) . The intracellular 3 ) and considering 70% of the cell volume to be osmotically active. Figure 2B demonstrates a correlation between the concentration of intracellular trehalose and the viability of the cells. As the data indicate, the increased extracellular osmolality of 400 mM trehalose in the cell culture medium was well tolerated by the cells, and cell viability did not decrease appreciably. However, when the cells were exposed to 600 mM trehalose for 6 h, ~40% of the cell population lost their viability (data not shown).
Kinetic analysis was used to characterize trehalose uptake into the intracellular space.
Assuming one binding site per transporter, the apparent values for K m and V max were found to be 137 ± 87 mM and 192 ± 44 pmol/min/10 6 cells, respectively (Fig. 3) . The rather high K m for trehalose indicates low affinity for substrate binding.
After trehalose loading, cells were dried in a low humidity chamber for various times to achieve a wide range of final moisture contents. The fraction of CHO cells that were able to preserve their membrane integrity following rehydration is shown in Figure 4 , and expressed as a 
Conclusion
Protection of cells with intracellular trehalose should be an integral part of any dry preservation strategy. Our study demonstrates that loading trehalose into cells with TRET1 improves survival of CHO cells during desiccation. 
